Background-Ozone exposure is known to cause oxidative stress. We investigated the acute effects of ozone (O 3 ) on lung function in the elderly, a suspected risk group. We then investigated whether genetic polymorphisms of antioxidant genes (heme oxygenase-1 [HMOX1] and glutathione S-transferase pi [GSTP1]) modified these associations.
INTRODUCTION
Strong associations have been identified between short-term ambient ozone exposure and increased risk of mortality, with an even larger risk associated with elderly populations. [1] [2] [3] [4] Other studies have linked ambient ozone concentration to increased respiratory-related emergency room visits and hospital admission in the elderly. 5-8 Thus, the elderly should be considered a susceptible population to the effects of ozone.
The basis of the increased susceptibility of the elderly to ozone effects on mortality and morbidity is unknown. However, lung function, as measured by spirometry, has been shown to predict all-cause mortality and cause-specific (such as respiratory and cardiovascular) mortality. 9-12 Upon entering the lung, ozone reacts preferentially with antioxidants, while also generating reactive oxygen species (ROS) in secondary reactions with lipids. 13 Thus, the intensity of the secondary reactions depends on the presence of sufficient levels of antioxidants to react with the amount of ozone inhaled. One hypothesis for the increased susceptibility of the elderly population is that the antioxidant defenses in the respiratory tract lining fluid may be altered in that population. 14 Differences in defenses against oxidative stress have been linked to genetic polymorphisms. Glutathione pathways defend against ROS and their toxic byproducts, 15 and the glutathione S-transferase (GST) genes are up-regulated in response to oxidative stress. 16 Increased oxidative stress is thought to be part of the pathogenesis of asthma, 17,18 and the GSTP1 105 Val/Val genotype has been associated with increases in reported breathing difficulty in asthmatic children in response to ozone exposure, 19 and may be a determinant of the severity of oxidative damage in asthmatic children. 20 Among the GST genes, the most highly expressed in the lung is GSTP1, making it a good candidate for study in relation to the effect of inhaled pollutants on lung function.
Heme oxygenase functions as an antioxidant through its key involvement in the production of bilirubin which is cytoprotective against oxidative stress. 21,22 The (GT) n dinucleotide repeat polymorphism in the promoter region of the gene is thought to influence the inducibility of HMOX1. When analyzed by transient-transfection assay, transcriptional activity was upregulated in genes with (GT) 16 and (GT) 20 repeats, but not in those with (GT) 29 or (GT) 38 , suggesting a change in inducibility at repeat length between 20 and 29. 23 Also, longer repeats have been associated with having chronic pulmonary emphysema 23 and faster decline in lung function, 24 suggesting that this gene would also be a good candidate for modifying the effect of ozone on lung function.
Although many studies have examined the acute effects of ozone on younger subpopulations, responsiveness to ozone has been shown to vary with age. 25 Research on the acute effects of ozone in older populations is limited. Several controlled human studies looked at the acute effect of 1 to 2 hours of a fixed ozone exposure in a chamber, using only small populations (n < 20) of healthy nonsmokers. [26] [27] [28] [29] [30] Using these data to extrapolate to the entire elderly population is severely limited by the small number of subjects, the inclusion of only healthy nonsmokers, and the unrealistic exposure conditions. We hypothesized that increases in ambient ozone concentration would be related to a transient decrease in lung function in the elderly. In this study, we examined the association between short-term ozone exposure and lung function in elderly subjects in the greater Boston area. Because of the suggested influence of antioxidants, we also examined whether that effect was modified by polymorphisms in genes related to defense against oxidative stress.
METHODS

Study Population
We studied subjects from the Normative Aging Study (NAS), a longitudinal study established by the Veterans Administration in 1963. We give here only a brief description of the study since details have been published previously. 31 The study enrolled 2,280 men from the Greater Boston area, ages 21 to 80, who were determined to be free of known chronic medical conditions by an initial health screening. Participants visited the study center every three years to undergo physical examinations and fill out questionnaires. By 1995, the cohort consisted of 1,114 subjects in total. Our analyses included 1,100 of those subjects whose lung function was measured at least once between January 1995 and June 2005. Out of the subjects no longer in the cohort, roughly 45% had passed away, 34% moved out of the area, and 19% dropped out of the study because of loss of interest in the research program including triennial examinations and questionairres.
Study center visits took place in the morning, after an overnight fast and abstinence from smoking. Physical examinations included measurement of height and lung function (forced vital capacity [FVC] and forced expiratory volume in one second [FEV 1 ]). Questionnaires included information on smoking habits and pulmonary disorders (asthma, chronic bronchitis, emphysema) based on the American Thoracic Society-Division of Lung Diseases-1978 questionnaire. 32 Descriptive statistics for these data are listed in Table 1 .
As a surrogate for the socio-economic status, we give the number of years of education. The highest education level attained by our cohort was as follows: 34% completed high school or less, 53% attended college for 1-4 years, and 13% were educated beyond college.
Lung Function Measurement
Pulmonary function was assessed using spirometric tests performed as previously reported to obtain measures of FVC and FEV 1 . 33 Briefly, spirometry was performed using a water-filled recording spirometer, and values were adjusted by body temperature and pressure. Throughout the 10 years in this study, spirometry was assessed in the standing position with noseclip using a 10-liter water-filled survey recording spirometer and an Eagle II minicomputer (Warren E. Collins, Braintree, MA). The measures of FVC and FEV 1 were obtained in accordance with ATS guidelines, which included obtaining a minimum of 3 acceptable spirograms, at least 2 of which were reproducible within 5% for both FEV 1 and FVC. In addition, each technician underwent a training protocol prior to taking measurements for this study. Hence, spirometry was performed according to a strict protocol, thus ensuring repeatability and minimizing any possibility of measurement error.
Air Pollution
Ambient O 3 was measured continuously at four monitoring sites, with all monitors conforming to US EPA standards. One monitor was located in each of four cities in the Greater Boston area: Boston, Chelsea, Lynn, and Waltham. All four monitors were highly correlated, with the pairwise correlations ranging from 0.74 to 0.95. In our analyses, the exposure measurement used for each participant was an average of the monitors. We calculated average O 3 concentrations for periods of 1-5 days prior to the study visit, where the 1-day measure corresponds to the averaged hourly measurements for the 24 hours before the study visit (rather then midnight to midnight), the 2-day measure corresponds to the 48 hours before, etc. The correlation beween the 24 hour averages we used and the highest 8 hour concentration within that period was 0.92.
We obtained meteorological data including temperature and relative humidity from the Boston airport weather station. To control for outdoor weather, we used the apparent temperature, which is defined as a person's perceived air temperature. 34, 35 We calculated apparent temperature averages for periods of 1-5 days prior to study visit to correspond with the 1-5 day O 3 concentration averages. Descriptive statistics for the two day averages (which are representative of the other averages) of apparent temperature and O 3 concentration are listed in Table 2 .
Ozone concentrations had low correlations with particulate matter < 2.5 μm (.29), carbon monoxide (−.21), nitrogen dioxide (−.15), and hence we felt it was reasonable to examine O 3 alone without controlling for other pollutants. We have limited data on particle components, but for the days we do have data (about one third), ozone correlations were as expected: O 3 was not correlated with elemental carbon (.05), but had a moderate correlation with sulfates (. 45).
HMOX1 and GSTP1 Genotyping
We genotyped two single nucleotide polymorphisms (SNPs) on GSTP1: Ile105Val, caused by an A-to-G substitution that changes codon 105 from ATC (Ile) to GTC (Val), and Ala114Val, a C-to-T substitution that changes codon 114 from GCG (Ala) to GTG (Val). 36 Both SNPs were genotyped using unlabeled minisequencing reactions and mass spectrometry in Sequenom (San Diego, CA). 37 We also genotyped the HMOX1 (GT) n repeat polymorphism. The HMOX1 short tandem repeat (STR) assay was designed as described by Yamada and coworkers. 23 Resulting PCR products were analyzed with a laser-based automated DNA sequencer, and the sizes were compared with the human genome sequence (http://genome.ucsc.edu/) to determine the number of repeats.
Of the 1100 subjects used in our analysis for the overall effect of ozone, 1015 were successfully genotyped for at least one polymorphism (descriptive statistics for this subset are listed in Table  1A ). The (GT) n repeat polymorphism in the HMOX1 promoter was successfully genotyped in 971 subjects (success rate 88%), with allele distribution shown in Figure 1 . Repeats were classified as short (S) (n < 25) or long (L) (n ≥ 25). For the polymorphisms of GSTP1, 959 subjects (success rate 87%) were genotyped for GSTP1 Ile105Val, and 959 subjects were genotyped for GSTP1 Ala114Val. Both GSTP1 Ile105Val and Ala114Val were determined to be in Hardy-Weinberg Equilibrium. Our genotyping success rates were slightly lower than average because some blood samples were several years old at the time of genotyping and had deteriorated. The genotype frequency for each polymorphism is given in Table 3 .
Statistical Methods
Lung function measurements FVC and FEV 1 were log-transformed to increase normality and stabilize variance. We chose the following variables for each visit a priori and included them in our model: age, age squared, height, race, cigarette smoking (former smoker, current smoker, and packyears), chronic lung conditions (asthma, emphysema, and chronic bronchitis), obesity, airways hyper-resposiveness, season, day of the week, year of visit, apparent temperature, and O 3 concentration. In this study, we defined airways hyper-responsiveness as a positive response to a methacholine challenge test, which occurred when a subject experienced a 20% decline in FEV 1 following inhalation of a methacholine dose of 8.58 μmol or less.
Subjects had their FVC and FEV 1 measured on up to four visits, with a mean of 2.2 visits for each subject. We used a mixed model for our regression analyses to account for the repeated measurements on the same subjects. We considered an association between the dependent variable and a covariate to be significant if the covariate had a p-value < 0.05 in the model.
We present the estimated effect of O 3 as a percent change in lung function. Because FVC and FEV 1 were log e -transformed in our model, the percent changes in FVC and FEV 1 were calculated by [exp(ΔO 3 × β) −1] × 100%, with 95% confidence intervals [exp(ΔO 3 × [β ± 1.96 × SE]) −1] × 100%, where exp(X) is the mathematical constant e (≈ 2.718) raised to the power of X, ΔO 3 is the change in ozone concentration, β is the estimated regression coefficient, and SE is the standard error of β. For the change in ozone concentration, we used the increment of 15 ppb, which is approximately equal to the interquartile range (IQR) of the 2-day O 3 concentration averages.
RESULTS
All the models used to obtain these results included both white and black subjects, using a dummy variable to account for race. Because less than 2% of subjects were black, we also ran these models including only white subjects and produced equivalent results (data not shown). Thus, we kept both races in the model to increase the power by using more observations.
For both FVC and FEV 1 we ran five separate models, estimating the effect of O 3 for each averaged measure ranging from 1 to 5 days before the study visit (Table 4 ). All five moving averages for O 3 were significantly associated with a decrease in FVC, and for the 1-day, 2-day and 3-day measures we found a significant association between O 3 and decreasing FEV 1 . The 2-day measure of O 3 corresponded to our most significant (smallest p-value) results for both FVC and FEV 1 , so we used the 2-day measure in the additional analyses examining the interaction of O 3 with genetic variables. Table 5 . The decreases in FVC and FEV 1 per 15 ppb increase in O 3 were estimated to be larger for class II than class I, although the interaction between HMOX1 classes and ozone was not significant.
We examined the effect of O 3 modified by two SNPs in GSTP1, Ile105Val and Ala114Val (Table 5 ). For Ile105Val, class II subjects (Ile/Val or Val/Val) were estimated to have a larger decrease in both FVC and FEV 1 than class I (Ile/Ile) subjects per 15ppb increase in O 3 . The interaction between the Ile105Val classes and ozone was not significant for FVC, but was marginally significant for FEV 1 (p-value = 0.089). We considered grouping Ile/Val and Val/ Val separately, but those classes were estimated to have very similar effect modification in this grouping scenario. In addition, combining those classes allowed easier interpretation of intereactions and eliminated the issue of the high variability in the Val/Val group due to its small sample size. To examine the effect of Ala114Val, we further divided the subjects in class II into those with no 114Val alleles (class IIa) and those with at least one 114Val allele (class IIb). For a 15ppb increase in O3, the estimated declines in FVC and FEV1 were smallest for class I subjects and greatest for class IIb subjects (Table 5) . These results suggested a trend where the effects increased in magnitude across classes I through IIb, so we performed a linear trend test. This trend was not significant for FVC, but was marginally significant for FEV 1 (pvalue = 0.074).
We also investigated the combined effect of Table 6 . We wanted to test for a trend where the effects increased in magnitude across classes I through IV. Because we had no prior hypothesis as to whether HMOX1 or GSTP1 Ile105Val would result in a greater effect modification for ozone, we defined our trend variable as the interaction of a (1,2) variable for HMOX1 with a (1,2) variable for GSTP1 Ile105Val. Our resulting nonlinear trend was (1,2,4) where the classes II and III as defined above were both coded 2. The trend was significant for FEV 1 (p-value = 0.045), but not significant for FVC. We also directly tested for an interaction of these four classes with ozone and found that the interaction was not significant, which suggests that the effect of the interaction of each gene with ozone is additive. This approach has less power than the trend test, but is a more formal test of three way interaction. Thus, a greater risk is estimated for those with both genetic mutations compared to those with only one, but our results suggest that the additional risk may come from these genes acting independently, although the trend test suggests an interaction may be present for FEV 1 .
DISCUSSION
In this elderly cohort, we found that lung function was negatively affected by increases in ambient ozone concentration. These results could help explain the association of ambient ozone with increased morbidity and mortality in elderly populations. As suggested by Kelly et al. in 2003 , the lung function of many elderly is already greatly reduced from the natural effects of aging, so any additional decrease could push them past a critical threshold. 14 Although the estimated percent change in lung function we identified is small, this change could represent a vital functional difference.
Our results also suggest that the presence of certain polymorphisms of antioxidant genes may modify the effect of ozone on lung function. For FEV 1 , there is evidence of a graded response, and marginal significance of an interaction. For FVC, there is some evidence of a graded response.
Few epidemiological studies have looked at lung function response to ozone in the elderly. A study evaluating the effects of ambient ozone on 530 nonsmoking hikers, ages 18-64 found significant associations between O 3 exposure and declines in FVC and FEV 1 . 38 When divided into four age categories, no difference in responsiveness to O 3 was found, suggesting that the associations found for the entire cohort are representative of the oldest age group (ages [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] for this sample population. However, other studies have demonstrated that ozone responsiveness differs with age, 25 so that assumption is questionable. The generalization of these findings to all elderly is limited given that subjects were all nonsmokers healthy enough to hike, with the oldest subject only 64 years old.
Höppe et al. examined the effect of ozone on lung function in four suspected risk groups: children, asthmatics, athletes, and elderly. 39 Overall, this study found no effect of ozone exposure on lung function in the group of 41 elderly subjects (ages 69-95). These null findings may be due to its small sample size and to its examination of associations with exposures measured over shorter time intervals (3 hours compared to the minimum 24 hours used in our study). For a population study in which individuals maintain their everyday activities, a longer average may be more appropriate since the effect of exposure could take longer to build, especially considering the low ventilation rate of the elderly. While some chamber studies found associations with shorter exposures comparable to those in Höppe et al., this could be explained by the exercise requirements in the chamber studies which increased the ventilation rate and sped up the effect of exposure. In addition, some of the null findings of epidemiological studies may come from a difficulty in measuring the exact exposure to ozone because the elderly typically spend little time outside.
Of the chamber studies of elderly in which acute effects were reported, magnitudes range from 3 to 7% decreases in FVC and 3 to 11% decreases FEV1 in response to .45 ppm O 3 for 2 hours, with varying exercise requirements. 28,29 The exposure concentrations, conditions, and durations differed from those in our study, but overall, the magnitudes of our results seem reasonable compared to these estimates. The significant associations we found for both FVC and FEV 1 across several time intervals considered together with past findings suggest that ozone does indeed have an acute effect on lung function in the elderly. Key factors in the previous findings of no association were probably the lack of power from small sample sizes and short durations of exposure.
Our study has two key advantages over prior research on ozone in the elderly: the large number of observations and the longitudinal design where each subject acts as his own control to account for intrasubject variability. Hence, in addition to using variables to account for the factors known to affect lung function, including age, height, smoking history and respiratory illnesses, our longitudinal design allows us to control for unmeasured intrasubject variability by using a random intercept for each person. The only longitudinal epidemiological study mentioned previously was by Höppe et al., but the measures were taken over the course of one summer, whereas our measurements spanned up to ten years.
Research comparing the ozone responsiveness in adults of different age groups has consistently found that the percent change in FEV 1 from baseline following ozone exposure decreases with age. 25 However, given the strong evidence linking short-term ambient ozone exposure with increased risk of mortality in elderly populations 1-4 and respiratory-related emergency room visits and hospital admission, 5-8 the elderly has been shown to be a susceptible population to the effects of short-term ozone exposure. Our research provides an additional link between ozone exposure and lung function decline in this population, and in combination with other research could help explain the relationship between ozone and other health outcomes in elderly populations.
The results of our genetic analyses demonstrate that polymorphisms of antioxidant genes may be associated with different responses to ozone exposure. Although effect estimates were not significant in all genotype classes, when considered together there is evidence for modification of the response to ozone depending on these antioxidant genes. Also, many of the nonsignificant effects were seen in classes with a smaller frequency of people sharing that genotype, suggesting that additional data for the less frequent genotypes could produce significant results for these categories.
It has been suggested that in searching for genes involved in susceptibility for complex diseases, models should account for gene-gene interactions to produce more replicable significant findings. 40 Our interaction model estimated a more severe effect of O 3 in the joint category of HMOX1 long repeats with GSTP1 105Val than in either of those categories analyzed separately, which implies that combinations of antioxidant genotypes are an important factor in determining susceptibility. The number of subjects in each class probably contributed to the significance of the effect estimates since classes I and II contain substantially fewer subjects that classes III and IV.
We also considered within-gene interaction in our analysis of GSTP1, examining Ala114Val as a modifier of Ile105Val polymorphisms rather than as having an independent effect. We chose this method of analysis because there is evidence of strong linkage disequilibrium between the two loci, 41 and it has been suggested that the Ala114Val mutation may augment the effect of the Ile105Val polymorphism. 42 Our results supported this hypothesis that Ala114Val modifies the effect of Ile105Val. A fourth rare haplotype exists for GSTP1 (105Ile/ 114Val), 43 which was not observed in our cohort, so our analysis includes only the three more common groups. We would have liked to expand our model of the interaction between HMOX1 and GSTP1 by including the Ala114Val polymorphism in addition to Ile105Val. However, our data were not well-suited for such a model because several of the genetic combinations were too uncommon in our dataset to accurately compare the effect sizes across classes. A future study examining this interaction would be of great interest considering our findings for the interaction between HMOX1 and GSTP1 Ile105Val and for the modification of the effect of Ile105Val by Ala114Val.
Previous research has found distinct differences in individual susceptibility to the effects of ozone on lung function that are highly reproducible, and thus seem to result from differences in intrinsic responsiveness to O 3 . 44,45 Our findings offer antioxidant genotypes as a possible intrinsic factor that could explain this interindividual difference in responsiveness. Additionally, our results showing a modifying effect of antioxidant genes implicate ROS as a mechanism for the negative effects seen in lung function and suggest the importance of antioxidant defenses. Further investigation into the status of antioxidant defenses in the elderly may reveal whether their susceptibility is determined by a difference in ability to defend against ROS.
A key limitation to our study is that the effect modification by the antioxidant genes was modest, typically 30-80% higher in the more susceptible groups. While this may still identify an important susceptibility factor, the differences in responsiveness in chamber studies was larger, suggesting additional factors are likely important.
Our study is limited by the study population consisting of only males. Our results cannot easily be extrapolated from elderly men to elderly women because of inconclusive research on the differences between men and women lung function response to ozone. Some studies examining ozone exposure and decreasing lung function have found that women may be more responsive than men, 46,47 while others have reported no gender differences. 48,49 A more recent study divided men and women into two age groups; among young subjects (ages 18-35) the study found women more responsive to O 3 than men, while for middle-aged subjects (ages 36-60) men were more responsive than women. 25 Future studies need to include sufficient numbers of men and women from different age groups to allow the determination of the effects of O 3 on gender and age.
Another limitation of the study is the lack of individual exposure data since we used averages collected from several outdoor monitors, with no requirements for subjects spending time outside. Other factors may increase the susceptibility to the effects of ozone, such as outdoor physical activity. For example, the study of Korrick et al. mentioned above found that hiking was a modifier of the effect of ozone on lung function. 38 While the lack of activity pattern data in our study is a concern, we have no reason to believe this could upwardly bias our effect, and the likely direction of the bias is downward. 50 Another concern is that small studies of personal exposure have demonstrated moderate to low associations between ambient ozone levels and personal ozone exposure and some correlation with personal exposure to other products of photochemistry, including particulates, with effects varying by season. 51,52 Additional research is needed to address the association of personal exposure to ozone and other pollutants with pulmonary responses in large longitudinal studies. Finally, since all participants were recruited in a single metropolitan area, we were unable to use this cohort to examine the long term effects of ozone since long term ambient ozone averages are the same for each subject.
This study provides evidence of an acute effect of ozone on lung function in the elderly. The evidence of a graded response to ozone by polymorphisms of antioxidant genes suggests that the negative effects of ozone exposure on lung function are related to oxidative stress, but also involve other factors that still must be identified to explain more of the intersubject variability in responsiveness to ozone. Frequency distribution of (GT)n repeats for 971 subjects genotyped (1,942 alleles). 
